Background: Clavulanic acid is an important beta-lactamase inhibitor produced as a secondary metabolite by the actinomycete Streptomyces clavuligerus. Clavulanic acid is chemically unstable; therefore, it is degraded during bacterial cultivation. In this work, the adsorbents clinoptilolite, activated carbon, calcined hydrotalcite, and Amberlite IRA 400 anionic exchange resin were studied in terms of their ability to adsorb clavulanic acid during extractive fermentation, in order to prevent product degradation and avoid product concentrations reaching inhibitory levels. Adsorption assays were used to investigate the effect of pH, and the decrease in the clavulanic acid concentration in the culture broth was measured for each adsorbent. Results: IRA 400 was found to be most effective, with 78% adsorption of clavulanic acid. The maximum production of clavulanic acid in Erlenmeyer flask cultures increased 86% in terms of mass of CA, and 248% in cumulative CA concentration, with the use of Amberlite IRA 400 as adsorbent in extractive fermentation, compared to control fermentation performed without product removal.
Introduction
The continued clinical use of beta-lactam antibiotics has caused the emergence of a broad spectrum of bacterial resistance, one of the most important of which is related to the production of beta-lactamases. As a result, beta-lactamase inhibitors have emerged as a means of overcoming the problem of bacterial resistance to beta-lactam antibiotics. Clavulanic acid (CA), an inhibitor that has been successfully employed in clinical practice, is a secondary metabolite produced by the actinomycete Streptomyces clavuligerus [1] , and is used in combination with beta-lactam antibiotics that are sensitive to attack by beta-lactamase enzymes. It acts by specifically inhibiting the active centers of these enzymes, hence avoiding loss of the beta-lactam antibiotic and restoring the antimicrobial action.
The clinical importance of CA has resulted in extensive research with a focus on increasing CA production using a variety of process control strategies, considering aspects such as temperature [2] , agitation speed [3] , fed-batch operation [4, 5] , and new microbial strains [6] . However, CA fermentation processes still present problems such as low CA concentrations [4, 5, 7, 8] , and it is essential to obtain higher production titers of this valuable product using more effective fermentation methods. In recent studies employing wild-type S. clavuligerus, a maximum CA concentration (C CAm ) of about 1.6 g/L was reported by Teodoro et al. [9] for fed-batch cultivations using bench-scale bioreactors with glycerol and ornithine feeding, and by Costa and Badino [2] for low temperature batch cultivations with glycerol pulses. Furthermore, Roubos et al. [10] showed that a high CA concentration (1.3 g/L) in the fermentation broth decreased the microbial growth rate. These limitations could be indicative of an inhibition effect of CA on microbial growth, as well as feedback inhibition of CA biosynthesis by CA itself.
Extractive fermentation is a technique that removes the product during fermentation. This process has been successfully employed in biotechnology as an effective approach for reducing feedback inhibition and increasing the product titer [11, 12, 13, 14, 15, 16] . The advantages of extractive fermentation also include diminution of toxic effects of the product on microbial growth [17] , and extended fermentation times [18] . Moreover, continuous product removal during the entire fermentation minimizes the degradation effects caused by temperature and pH [19] , by reducing its exposure to such damaging conditions. This is particularly beneficial for labile products including CA.
Adsorbent resins have been successfully employed to improve the production of valuable biomolecules in extractive fermentations performed using different microorganisms. For example, Singh et al. [20] achieved a 100-fold increase in the production titer of cercosporamide, a self-toxic secondary metabolite, in fermentations carried out in culture media containing Diaion HP 20 resin. Lee et al. [18] demonstrated an improvement in teicoplanin production by reducing fungal self-toxicity. Jia et al. [21] obtained a 1.25-fold increase in pristinamycin production in batch fermentation by Streptomyces pristinaespiralis after the addition of JD-1 polymeric resin. Since the CA molecule is negatively charged at neutral pH, anionic exchangers such as Amberlite IRA 400 resin can be used in downstream CA processes [22, 23] . These materials could be used as potential tools for extraction of CA from the culture broth in extractive fermentation processes. Zeolites and activated carbon have also been proposed for the immobilization of biomolecules including amino acids, antibiotics, and enzymes [24, 25, 26] . Their high surface areas, porous structures, and ion-exchange properties [24] enable these substances to be used as adsorbents for a diverse range of inorganic and organic anions. Similarly, hydrotalcites are a class of materials that can be described as positively charged planar layers consisting of divalent and trivalent cations that must be compensated by anion intercalation [27] . Therefore, hydrotalcites have applications that include adsorption of anionic species, such as CA. Despite the fact that these materials are inexpensive alternatives for the removal of CA from solution, only a few experimental studies have investigated their potential for the extraction of CA [28, 29, 30] .
The goals of this work were to produce CA using S. clavuligerus in an extractive fermentation system with a solid phase, comparing the results obtained for batch fermentations performed with and without glycerol pulses, and to evaluate the effects of product removal on cumulative CA production in an extractive fermentation system. The materials investigated for extraction of CA from the fermentation broth supernatant were alternative adsorbents (calcined hydrotalcite, clinoptilolite, and activated carbon) and a conventional resin (Amberlite IRA 400). Significant improvement of CA production by S. clavuligerus ATCC 27064 under extractive fermentation was achieved by inclusion of IRA 400 resin in order to reduce feedback inhibition effects.
Materials and methods

Treatment of adsorbents and adsorption kinetics
Four different adsorbents were used for the adsorption of CA present in aqueous solution and in cell-free fermentation broth. Activated carbon (Synth) and clinoptilolite (kindly provided by Celta Brasil) were repeatedly washed with deionized water to remove impurities, and then dried at 70°C for 48 h. Hydrotalcite (Mg-Al-CO 3 , Sasol GmbH, Germany) was calcined at 500°C for 4 h. Anionic exchange resin (Amberlite IRA 400, Sigma-Aldrich) was pretreated with 10% (w/v) NaOH, then washed several times with deionized water and regenerated with 10% (w/v) NaCl.
The kinetics of adsorption of CA was determined using batch experiments. The supernatant of fermentation broth containing 500 mg·L -1 of CA was separated by centrifuging at 3725 g for 15 min at 4°C, and was then used in the adsorption assays. The initial pH of the solution was adjusted to 7.0.
The kinetics experiments were performed in a stirred jacketed glass reactor containing 100 mL of cell-free fermentation broth and 15 g of adsorbent. The temperature was controlled at 25°C. Samples (500 μL) were periodically withdrawn and centrifuged at 3725 g and 4°C for 2 min, and CA concentrations were determined as described by Bird et al. [31] .
These experiments were used to identify the most suitable adsorbent to employ in further tests. The criteria used were the shortest time to reach equilibrium in the adsorption kinetics experiments, as well as the pH conditions, since the CA molecule is most stable at pH near 6.2 [19] . All the adsorption kinetics assays were performed in triplicate.
The mass of CA adsorbed was obtained by mass balance in the reactor, using:
where m CA-ads : mass of CA adsorbed (mg); C CA-b : CA concentration before extraction (mg/L); C CA-a : CA concentration after extraction (mg/L); and V: volume of broth (L).
Adsorption isotherms
CA adsorption isotherms were only determined using the Amberlite IRA 400 resin, since this material provided the best results in terms of the adsorption kinetics and pH. Aqueous solutions of commercial potassium clavulanate (Clavulin®) and cell-free fermentation broth were employed, with CA concentrations of 100-5000 and 100-1000 mg/L, respectively. The experiments were conducted in shaker flasks at 150 rpm, 25°C, and initial pH of 7.0, with 0.2 g (wet mass) of IRA 400 added to 4.8 mL of the solution containing CA. After attainment of equilibrium, the CA concentration in the mixture was determined. All the adsorption isotherm assays were performed in triplicate.
The quantity of CA adsorbed per unit wet mass of adsorbent was calculated by mass balance as the difference between the initial (C CA0 ) and final (C CAe ) concentrations of CA in solution, divided by the mass of the adsorbent:
where q e : amount of CA adsorbed at equilibrium (mg/g); C CA0 : initial CA concentration (mg/L); C CAe : CA concentration at equilibrium (mg/L); V sol : volume of solution (L); and m ads : wet mass of adsorbent (g). The experimental q e and C CAe data were treated using the Langmuir model and the values of the parameters q m and k were determined by non-linear regression:
where q m : maximum CA adsorption capacity of the resin (mg/g); and k: Langmuir coefficient (mg/L).
Desorption of CA
The desorption characteristics were only determined for the best adsorbent (Amberlite IRA 400), selected based on its capacity to adsorb CA. The resin with adsorbed CA was eluted with 100 mL of NaCl (10%, w/v) at 25°C for 2 h. Aliquots (500 μL) were periodically withdrawn for determination of the CA concentration.
The desorption kinetics results were used to calculate the mass of CA desorbed (m CA-des , in mg), using:
where p CA-des : amount of CA desorbed from the resin (%).
Calculation of cumulative CA mass, and rates of production and degradation
The effect of product removal on the final production of CA by the cells was evaluated by comparing the results in terms of cumulative CA mass (m CA-c ). The calculations considered the mass of CA extracted from the broth and recovered from the resin after desorption in each extraction step. The mass of CA removed from the broth was given by the difference between the mass of CA in the fermentation broth, before and immediately after the extraction step.
The cumulative CA mass in the culture broth was calculated using:
The cumulative CA concentration was calculated using: 
It was therefore possible to obtain the profiles of r dCA and r CA ([Equation 7 ] and [ Equation 8 ]) during the course of the conventional and extractive fermentations, and evaluate the individual effects of CA extraction on r dCA and r CA .
Microorganism and culture media
The microorganism used in this work was S. clavuligerus ATCC 27064, stored as vegetative cells (5 g/L dry weight) at -70°C in 4 mL cryotubes containing glycerol (10%, v/v).
The seed medium proposed by Rosa et al. [32] 
Conventional and extractive batch fermentations
Vegetative cell suspensions were transferred from the cryotubes to 500 mL Erlenmeyer flasks containing 50 mL of seed medium and incubated in a rotary shaker at 250 rpm for 24 h at 30°C. Erlenmeyer flasks (500 mL) containing 45 mL of the inoculum medium were inoculated with 5 mL of cultivated seed broth and incubated at 250 rpm for 24 h at 30°C. For the production stage of the fermentation, the inoculum suspension was transferred to a 3 L flask containing the production medium, under agitation, using a proportion of 10% (v/v). Aliquots (60 mL) of the inoculated medium were transferred to individual 500 mL Erlenmeyer flasks and incubated at 250 rpm and 20°C.
Two conventional batch cultures without product removal were performed with initial glycerol concentrations of 15.0 g/L (B15, denoted the control culture) and 30.0 g/L (B30). Another two batch cultures with product removal (extractive fermentations, EF) were performed with initial glycerol concentrations of 15 g/L (EF15) and 30 g/L (EF30). An additional batch culture with product removal was performed with initial glycerol concentration of 15 g/L and one pulse of glycerol so as to obtain a final concentration of 15 g/L (EF15 + 15).
In order to extract CA during the cultivations, 30 mL of fermentation broth was centrifuged at 3725 × g and 4°C for 15 min. The cells were returned to shaker flasks containing the fermentation broth, and the supernatants were transferred to new flasks containing 3 g (10%, w/v) of Amberlite IRA 400 resin that had been treated as described above and washed in sterile deionized water. The flasks were incubated in a shaker at 25°C and 250 rpm for the time required for the attainment of equilibrium (as determined in the adsorption kinetics experiments). The resin was then separated from the broth by centrifugation at 3725 × g, and the broth was returned to the shaker flasks. This procedure was performed every time the CA concentration in the broth was in the range 500-700 mg/L. All the extractive fermentations were performed in triplicate.
Analytical methods
The CA concentration (C CA ) in the fermentation broth was determined by UV spectrophotometric analysis [31] . CA contained in the pharmaceutical product Clavulin® (Glaxo-SmithKline Farmacêutica, Rio de Janeiro, Brazil) was used as a standard.
The glycerol concentration (C Gly ) in the supernatant was determined by an enzymatic method using a triglycerides GPO-PAP test kit (Laborlab, Brazil).
The method proposed by Mayer and Deckwer [30] was used to determine the cell concentration in the presence of solid particles. The measured cell dry weight concentration (C Cell ) was correlated with the optical density at 600 nm (OD 600 ), using cultivations employing solid-free media, which generated a linear model describing the relationship between cell dry weight and OD 600 . In the cultivations with media containing insoluble particles (soybean protein isolate, SPI), the broth was decanted for 45 s (the time necessary to precipitate the SPI) and the OD 600 was measured. The value of C Cell was obtained from the linear regression equation described above.
Results
Adsorption kinetics studies
In order to evaluate the effects of CA removal from the culture broth, the kinetics of adsorption of CA onto the activated carbon, clinoptilolite, calcined hydrotalcite, and Amberlite IRA 400 were studied using CA concentrations of 15% (w/v) in cell-free fermentation broth at 25°C and pH 7.0. The performance of the adsorbents was assessed based on the decrease of the CA concentration in the liquid phase, as well as pH, measured over a period of 120 min. The results are shown in Fig. 1 .
In the assay performed with activated carbon, the pH reached 7.5 after approximately 10 min, and a low CA adsorption of 23% (C CA / C CA0 = 0.77) was achieved after 120 min. About 65% of the CA (C CA / C CA0 = 0.35) was adsorbed using calcined hydrotalcite. However, the pH showed a sudden increase after the addition of the adsorbent, with a value of 8.5 reached in 10 min. When clinoptilolite was used as the adsorbent, the pH remained practically unchanged at around pH 7.0, and a constant and very low CA adsorption of 6.5% (C CA /C CA0 = 0.935) was observed. In the adsorption assay with Amberlite IRA 400, the pH fell sharply during the first few minutes and then remained constant at around 6.5. This was the best value obtained for the different adsorbents, showing that this adsorbent was the most suitable for minimizing CA degradation. IRA 400 also showed the most promising results in terms of CA removal, since it was able to adsorb 78% of the CA (C CA /C CA0 = 0.22) and was the fastest to reach equilibrium (in b20 min).
Desorption kinetics and isotherms
Evaluation of the desorption kinetics and isotherms was only conducted for the Amberlite IRA 400 anionic resin. After adsorption, the CA was desorbed from the resin employing NaCl (10%, w/v), and maximum recovery was achieved after 90 min. About 70% of the CA adsorbed by the resin was eluted under the conditions employed. Isotherms for the adsorption of CA by the IRA 400 anionic resin were used to describe the relationship between the mass of CA adsorbed by the adsorbent and the concentration of dissolved adsorbate in the solution at equilibrium. This provided an indication of the maximum adsorption capacity of the adsorbent, prior to its further use in extractive fermentation. Adsorption isotherms were obtained at pH 7.0 for batch systems with CA in aqueous solution and culture broth (Fig. 2) . Values of the isotherm parameters were estimated by non-linear regression analysis.
The maximum capacity for adsorption (q m ) of CA from aqueous solution (48.5 ± 1.20 mg CA /g res ) was greater than for adsorption from cell-free fermentation broth (14.9 ± 1.00 mg CA /g res ). The Langmuir coefficient (k) values found for aqueous solution and cell-free fermentation broth were 87.34 ± 13.43 and 1095 ± 144.09 mg/L, respectively, showing the much higher affinity of the resin for CA present in aqueous solution.
Extractive CA fermentation
During the extractive fermentations, removal of CA was performed every time the CA concentration in the broth reached a value in the range 500-700 mg/L. An aliquot of fermentation broth (30 mL) was centrifuged, the cells were returned to the shaker flask, and the supernatant was placed in contact with 10% (w/v) IRA 400 resin for 20 min. The broth was then separated from the resin by centrifugation and returned to the shaker flask in order to continue the fermentation process. The results were compared to those obtained using conventional fermentation without product removal.
The quantity of IRA 400 required to extract a satisfactory amount of CA from the broth was chosen based on the results illustrated in Fig. 3 . When the CA concentration reached values in the range 500-700 mg/L, an addition of 10% (w/v) of IRA 400 resulted in extraction of approximately 60% of the CA present in the broth. Fig. 4 , Fig. 5 , and Fig. 6 show the time courses of glycerol consumption (C Gly ), cellular growth (C Cell ), and cumulative CA mass (m CA-c ) during the conventional and extractive fermentations. In comparison with conventional fermentation, the addition of IRA 400 to the cell-free fermentation broth in the extractive fermentation did not affect glycerol consumption (Fig. 4, Fig. 5 ). In the conventional and extractive fermentations with 15.0 g/L initial glycerol concentration (B15 and EF15), depletion of glycerol occurred after 142 h of cultivation, and the fermentation was continued until 238 h. In extractive fermentation with 15.0 g/L initial glycerol concentration and one pulse of glycerol (EF15 + 15), glycerol depletion occurred at 142 and 238 h, and the fermentation was continued until 300 h. In the conventional and extractive fermentations with initial glycerol Fig. 7 illustrates the profiles of the rates of CA production and degradation. The CA degradation rates (r dCA ) during the extractive fermentations (EF15, EF30, and EF15 + 15) were lower than in the conventional fermentations without product removal (B15 and B30), due to lower CA concentrations (C CA ) in the broth. After the beginning of the extractions (at 100 h), the CA production rates (r CA ) were always greater for extractive fermentation than for conventional fermentation. The maximum CA production rates (r CAm ) obtained in conventional fermentations B15 and B30 were very similar (8.4 mg/L.h at 93 h and 8.6 mg/L.h at 166 h, respectively). With product removal, the values of r CAm achieved were 10.9 mg/L·h at 166 h for cultivation EF15 (29% higher compared to B15), 12.9 mg/L·h at 166 h for cultivation EF30 (49% higher compared to B30), and 13.6 mg/L·h at 214 h for cultivation EF15 + 15 (62% higher compared to B15). 
Discussion
In this work, extractive fermentation with a solid phase was successfully implemented as a way of improving CA production by S. clavuligerus. The aims were to evaluate the potential of different extractant materials, considering their recovery characteristics and costs, for reduction of the losses of CA during its production. This involved the removal of CA from the fermentation broth, followed by its recovery from the solid phase. The different stages of this integrated process are discussed below.
In order to evaluate the extractive fermentations performed with the proposed solid phases, it was necessary to measure pH changes and the times taken to reach equilibrium. It is well known that pH affects the degradation of CA. As reported by Bersanetti et al. [19] , CA is most stable at pH 6.2 and is highly unstable at pH exceeding 8.0. During the kinetics experiments, pH increases were observed using activated carbon and calcined hydrotalcite as adsorbents. This behavior has been reported previously in other studies employing these materials in adsorption systems [28, 34] . The increase in pH causes degradation of CA by basic hydrolysis, resulting in over estimation of the adsorption. This effect was supported by the fact that equilibrium was not attained after 120 min. An additional consideration is that an increase in pH is not desirable for extractive fermentation, due to the negative effect on cell growth.
Another important aspect to consider in the selection of an adsorbent for application in an extractive fermentation system is a short adsorption equilibrium time, which minimizes the contact time of the broth with the adsorbent during the extractive fermentation, hence reducing the effects of degradation losses caused by metabolites present in the culture broth.
Both of these characteristics (short time to reach equilibrium, and low pH variation) were shown by Amberlite IRA 400, which was therefore selected for further studies of CA extractive fermentation. To ensure that the resin was free of biological contaminants, the pretreated material was previously washed with sterilized deionized water in a sterilized glass column, using a ratio of 5 L of water to 20 g of resin.
The maximum capacity for adsorption of CA (q m ) from aqueous solution obtained here using Amberlite IRA 400 was considerably greater than the value reported previously by Barboza et al. [23] (q m = 24.6 mg CA /g res at 23°C). This difference could be related to the different conditions of pH and temperature employed in the two studies. The competition between CA and other anions present in the fermentation broth for binding sites on the ionic resin could explain the higher CA q m value obtained using the aqueous solution, compared to the cell-free fermentation broth [33] . In relation to the Langmuir coefficient (k), the values found for aqueous solutions were similar to that reported by Barboza et al. [23] (72.2 mg/L). The values obtained for cell-free fermentation broth were higher, compared to aqueous solution, which could be attributed to the affinity of the resin binding sites for other compounds present in the medium.
The process of desorption of CA from the Amberlite IRA 400 was slower than adsorption, possibly because of strong ionic interaction between the CA molecules and the active sites of the resin [23] . In the desorption kinetics experiments, the pH of the eluting solution increased rapidly and reached values of 8.6 after 90 min of elution (data not shown). The degradation of CA by alkaline hydrolysis could contribute to losses. According to Mayer et al. [33] , this occurs due to irreversible interactions with the resin matrix, causing degradation of the CA at the ion-exchange phase and consequently low recovery. It is likely that a higher recovery, in a shorter time, could be achieved under optimized conditions of pH, temperature, and eluent concentration.
The finding by Roubos et al. [10] that extractive fermentation employing a solid phase improved the production of biomolecules was supported by the decrease in the microbial growth rate under high CA concentrations. Comparison was therefore made between CA production using conventional fermentation and extractive fermentation with IRA400 resin. The cell concentration profile for EF15 indicated that at the times of CA extraction (100, 142, and 189 h), cell concentrations were slightly lower than those obtained using conventional fermentation (B15). This was probably related to biomass losses during the CA extraction procedure, but did not affect the performance of the process. The frequent removal of product in cultivation EF30 resulted in higher cell concentrations, compared to cultivation B30, suggesting that an excess of CA in the fermentation broth was associated with cytotoxicity.
Even at high carbon source concentrations, the control of glycerol consumption using low temperatures [2] enables better incorporation of the carbon source in the production of secondary metabolites such as CA. As expected, extractive fermentation with 30 g/L initial glycerol concentration (EF30) or with a pulse of glycerol (EF15 + 15) resulted in greater production of CA, which could be recovered using IRA 400. Higher cumulative CA concentrations were therefore obtained. The exhaustion of glycerol is followed by increased consumption of proteins (amino acids) as carbon source, and the consequent release of ammonia provides an explanation for the increase in pH. Therefore, the excess of carbon source in the batch cultures with 30 g/L glycerol and with one glycerol pulse (15 + 15 g/L) controlled the pH, preventing the effects of CA degradation by basic hydrolysis and enhancing cellular viability.
The use of extractive fermentation for CA production by S. clavuligerus significantly improved the CA production rate (r CA ), compared to fermentation without product removal (Fig. 7) , indicating that the cellular biomass remained viable for longer, in agreement with the results obtained for the cell concentrations. Lynch and Yang [35] evaluated the effect of addition of clavulanic acid degradation products in S. clavuligerus cultures. It was found that the degradation rate (r dCA ) was equivalent to the clavulanic acid production rate (r CA ), indicating that clavulanic acid was both produced and degraded in the cultures of S. clavuligerus, and that the products of degradation were used by the organism, resulting in further production of the antibiotic. In the present work, the r CA values were much higher than the r dCA values, showing that the fermentation conditions employed here, such as low temperature, favored the accumulation of CA. Furthermore, the higher r CA values obtained for extractive fermentation, compared to the conventional process, showed that CA acted as an inhibitor of its own biosynthesis. Similar findings have been reported for application of a solid phase for in situ removal of lactic acid. Gao et al. [26] demonstrated that product removal successfully decreased the inhibitory effects of lactic acid, resulting in significant increases in productivity and yield. The use of IRA 400 adsorbent resin to remove CA during the fermentation process resulted in an increase of 86% in the mass of CA recovered, and a 248% increase in the cumulative CA concentration, compared to the control fermentation performed without product removal. The values found in the present study were much greater than the highest CA concentration (1.6 g/L) reported in the literature for cultures utilizing a wild type strain of S. clavuligerus [2, 9] . Marques et al. [36] recently evaluated extractive CA fermentation using a two-phase aqueous PEG/phosphate salt system in a bench-scale bioreactor, and obtained a yield of about 691 mg/L. The results obtained in the present work indicate that the use of an anionic exchange resin as the extractor in extractive CA fermentation is more effective than an aqueous two-phase system.
The findings showed that high concentrations of CA in the culture broth reduced the CA production rate, and that removal of CA by Amberlite IRA 400 increased the cellular concentration and the product yield. An additional advantage of extractive fermentation with resin is that it provides partial purification of the product, reducing both the number of steps and the loss of product in downstream processes. An integrated fermentation-separation process is a promising technique for increasing CA production, and could be a new strategy suitable for use with other important secondary metabolites.
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